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ABSTRACT 

Various topological constraints at the ribosomal 
DNA (rDNA) locus impose an extra challenge for 
transcription and DNA replication, generating 
constant torsional DNA stress. The topoisomerase 
Top1 is known to release such torsion by single- 
strand nicking and re-ligation in a process involving 
transient covalent Top1 cleavage complexes 
(Toplcc) with the nicked DNA. Here we show that 
Toplccs, despite their usually transient nature, are 
specifically targeted to and stabilized at the riboso- 
mal replication fork barrier (rRFB) of budding yeast, 
establishing a link with previously reported Top1 
controlled nicks. Using ectopically engineered 
rPFBs, we establish that the rRFB sequence itself 
is sufficient for induction of DNA strand-specific 
and replication-independent Toplccs. These 
Toplccs accumulate only in the presence of Fob1 
and Tof2, they are reversible as they are not subject 
to repair by Tdp1- or Mus81 -dependent processes, 
and their presence correlates with Top1 provided 
rDNA stability. Notably, the targeted formation of 
these Toplccs accounts for the previously 
reported broken replication forks at the rRFB. 
These findings implicate a novel and physiologically 
regulated mode of Top1 action, suggesting a mech- 
anism by which Top1 is recruited to the rRFB and 
stabilized in a reversible Toplcc configuration to 
preserve the integrity of the rDNA. 

INTRODUCTION 

The DNA of a cell is constantly participating in molecular 
transactions associated with gene transcription, DNA repli- 
cation and repair. During S-phase, all these processes 



operate in parallel; RNA polymerases share their template 
with DNA polymerases moving along chromosomes and 
DNA repair proteins fixing DNA damage. Not only does 
this generate opportunities for collisions between the tran- 
scription and replication machineries, but also local DNA 
topological stress that requires constant release by 
specialized DNA topoisomerases. Topoisomerase malfunc- 
tion therefore leads to an accumulation of aberrant DNA 
structures and, thereby, threatens genome integrity. 

DNA replication encounters various obstacles such as 
DNA lesions or DNA-bound proteins that may impede or 
block replication fork (RF) progression. At programmed 
replication fork barriers (RFB), replication-blocking 
proteins bind to specific DNA sequences. In Escherichia 
coli, binding of the Tus protein to a terminator DNA 
sequence ensures replication termination in a defined 
region (1). Apart from replication termination, 
programmed RFBs may also function to prevent colhsions 
between replication and transcription machineries, a po- 
tential cause of genome instability. The eukaryotic ribo- 
somal DNA (rDNA) is particularly interesting in this 
respect, given that rRNA genes are continuously 
transcribed at high levels, irrespective whether the rDNA 
happens to be simultaneously replicated. The rDNA gen- 
erally consists of numerous repeat units organized in 
tandem arrays within the nucleolus. Each rDNA unit 
harbours an RFB at the 3'-end of a highly transcribed 
rRNA gene, a feature that is highly conserved among eu- 
karyotes [reviewed in (2)]. 

In budding yeast, the rDNA consists of a single array of 
150-200 identical repeats on chromosome (Chr) XII, each 
comprising the transcriptional units 35S and 5S, an origin 
of replication (ARS) and a unidirectional ribosomal RFB 
(rRFB). A core rRFB sequence of ~ 100 bp is sufficient to 
recruit and bind sequence-specifically Fobl, a protein essen- 
tial for the RF-blocking activity of the rRFB (3,4). The 
rRFB consists of one major (RFBl) and two minor 
(RFB2, RFB3) blocking sites that arrest altogether >90% 
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of encountering RFs (5-7) without eliciting a checkpoint 
response (3) and force them to progress codirectionally 
with transcription through the highly transcribed 35S gene 
(8). Due to its repetitive structure, the rDNA is prone to 
non-conservative recombination that can generate gains or 
losses of repeat units (9). While such events are crucial to 
restore the wild-type repeat number after accidental rDNA 
expansion or contraction, recombination between homolo- 
gous rDNA repeats needs to be tightly regulated to prevent 
rDNA instability. Fobl plays a major but ambivalent 
role in this context, having pro- and anti-recombinogenic 
properties (10). Consistently, Fobl -dependent DNA 
double-strand breaks (DSBs) were observed at the rRFB 
(9,11-13), but their molecular nature has remained elusive, 
and we showed previously that these DSBs are not substrate 
for canonical DSB repair (14). 

A number of studies suggest a complex structural or- 
ganisation of the rDNA, including the anchoring of the 
repeats to the nuclear membrane (15-17). This anchoring, 
mediated through the rRFB, involves Fobl association 
with Tof2 and the cohibin complex, which in turn interacts 
with proteins of the inner nuclear membrane (15-17). 
Disruption of this association by deleting cohibin or one 
of the inner nuclear membrane proteins Hehl or Nurl 
destabilizes the rDNA repeat structure, suggesting that 
perinuclear attachment is crucial for the integrity of the 
locus (15,16). However, such anchorage is Hkely to impose 
mobihty constraints to the rDNA, thereby increasing the 
topological stress created by replication and transcription 
and, hence, creating a need for continuous relaxation. 
Accordingly, DNA topoisomerases are specifically 
required for rDNA maintenance and functionality (18). 
In budding yeast, the conserved type IB DNA topoisoni- 
erase Topi has been associated with the appearance of 
DNA nicks near the RFB (19), plays an important role 
in rRNA-gene transcription (18,20,21), PolII silencing 
(22-24) and, interestingly, in suppressing mitotic recom- 
bination in the rDNA (25-27). However, the mode of 
action underlying the specialized function of Topi in the 
rDNA has not been addressed. 

It is generally accepted that Topi senses DNA- topo- 
logical stress by direct recognition of the torque in the 
DNA (28). The protein then incises one DNA strand 
through a reversible transesterification involving a 3'- 
phosphodiester-tyrosyl bond, thereby engaging in a tran- 
sient Topi cleavage complex (Toplcc) intermediate with 
the 3'-end of the nick. Following relaxation of the DNA 
helix by rotation of the unbound end. Topi reseals the 
nick through the reverse transesterification reaction (29). 
Top Ices can be stabilized or even converted to irreversible 
intermediates under the influence of topoisomerase inhibi- 
tors hke camptothecin (CPT), or in the presence of DNA 
lesions preventing the re-hgation of the single-stranded 
ends (29). Exactly how the cleavage and re-hgation reac- 
tions of topoisomerases are coordinated under physio- 
logical conditions is poorly understood, but the notion is 
that cleavage complexes are very short-lived as their reso- 
lution is triggered immediately following relaxation of the 
DNA helix. Here we sought to characterize the function of 
Topi at the rRFB and found that Top Ices accumulate at 
the rRFB, independently of its RF-stalhng activity. A 450- 



bp rRFB sequence is sufficient to trigger Toplcc forma- 
tion independently of the rDNA context and the enrich- 
ment of Top Ices at such sites, mediated by Fobl and 
Tof2, reflects a stabilization of reversible cleavage 
complexes. The formation of these targeted Toplcc 
complexes explains the previously reported occurrence of 
DSBs at the rRFB in wild-type cells and implicates a 
physiologically regulated mode of Topi action. 

MATERIALS AND METHODS 

Yeast strains and plasmids 

Yeast strains are listed in Supplementary Table SI. All 
strains are isogenic derivatives of the closely related 
FF18733, FF18734 and FF18984 congenic series in an 
A364 background. Strains carrying eRFBs on Chr IV 
were constructed by PCR-mediated gene targeting using 
plasmids harbouring a 450-bp rRFB sequence insert. Gene 
deletions and tagging were achieved by standard methods. 
Strains with a LacO array tagged eRFB locus were con- 
structed as described (30). For strains usage and plasmids 
construction see Supplementary Materials. 

Chromatin immunoprecipitation with or without crosslink 

For chromatin immunoprecipitation (ChIP) with 
crosshnk, whole-cell extracts were prepared from formal- 
dehyde-fixed cell cultures as described (31,32) with modi- 
fications (Supplementary Materials). For Toplcc 
immunoprecipitation (IP), non-crosslinked samples were 
processed as described previously (33), with some modifi- 
cations. Shortly, 100 ml of an exponentially growing 
culture was washed once with cold 20 mM Tris-HCl pH 
8.0, twice with cold FA buffer (50 mM Hepes-KOH, 
150niM NaCl, 1 mM EDTA, 1% Triton-X, 0.1% Na- 
deoxycholate, 0.1% SDS, 1 niM PMSF) and the cell 
pellet was frozen at -80°C. Cold FA (1ml) was added 
to the pellet prior to cell disruption in a Fastprep-24 
(MP) bead-beater (twice 40 sec at 6.5 m/s) with 0.5 mm 
Zirconia/silica beads. Beads were discarded and 1 ml of 
FA buffer was added before centrifugation for 20min at 
17 000 g, 4°C. The pellet was re-suspended m 800 |.d FA 
buffer and kept rolling (30min, 4°C) before sonication to 
an average size of 400 bp (Bioruptor, Diagenode). After 
adding 800 |il of FA buffer, samples were centrifuged 
(30min, 10 000 g, 4°C). The supernatant was stored at 
— 80°C and an aliquot saved as Input. IP was performed 
with 500 |il of supernatant (2h, 4°C) with Dynabeads 
(Dynal, Life Technologies) precoated with mouse anti- 
Myc (9E10) antibody. Beads were then washed twice for 
10 s and once for lOmin with 500 |il of modified FA buffer 
with 500 mM NaCl (shaking, 1400 rpm). After successive 
washes (shaking, 1400 rpm) with 500^1 of 10 mM Tris- 
HCl pH 8.0, 0.25 M LiCl, 1 mM EDTA, 0.5% NP-40, 
0.5% Na-deoxycholate and 500^1 of TE pH 8.0, DNA 
was eluted from the beads (20niin, 65°C). IP and Input 
DNA were treated with 1 mg/mL Pronase (Roche) in 
25 mM Tris-HCl pH 7.5, 5mM EDTA, 0.5% NP-40, 
0.5% Na-deoxycholate for 1 h at 37°C. DNA was then 
recovered by phenol-chloroform and isopropanol 
precipitation. 
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DNA from ChIP of crosslinking and non-crosslinking 
conditions were analyzed by real-time PGR (qPCR) with 
SYBR-Green (QuantiTect, Qiagen) using a Rotor-Gene 
RG3000 system (primer sequences are available upon 
request) and values from IP samples were related to that 
of their relative Input. Samples from one GhIP experiment 
were run two to three times in duplicates. Mean duplicate 
values within each run were used for calculation. 

Live-cell microscopy and image analysis 

Live-cell-imaging experiments were performed using 
cultures of yeast cells in the appropriate SC drop out to 
select for the presence of the CFP-Nopl (pFN5 and 
pFN6) or GFP-Nup49 (pUN100-GFP-Nup49) expressing 
vectors as described (34-36) Two independent cultures 
were imaged on different days for each genotype. A 
single user analyzed the images without knowledge of 
the genotypes. Deconvolution was achieved using the 
Huygens Remote Manager (37) (see Supplementary 
Materials for imaging and analysis details). 

Cell growth and CPT treatments 

Cell-cycle arrest at the end of Gl was induced in liquid 
YPD cultures (7.5 x 10'' cells/ml) with 2\\g/m\ a-factor 
(GenScript) for 2h at 30°C. Cells were released from 
Gl -arrest by the addition of 50|ig/ml Pronase. Gl -arrest 
and release were validated by FACS. 

ID- and 2D-gel electrophoresis and Southern blots 

Isolation of DNA in agarose plugs was done as described 
(11), with some modifications (see Supplementary 
Materials). Gels and alkahne Southern blotting were 
done as described (13,14). ID-gel conditions: 24h, 70V, 
1% agarose without EtBr. PCR-amplified probes were 
radioactively labelled with (a-^-P)-dCTP (6000 Ci/mmol, 
PerkinElmer). rDNA copy number was estimated from 
BamHI-digested genomic DNA of late-exponential 
cultures isolated in agarose plugs as recommended in the 
Biorad's CHEF-DR manual. PFGE was performed as 
described (14), with the exception that the length of the 
run was 48 h. 

Quantification of ERC formation 

Genomic DNA was isolated from late logarithmic-phase 
cultures in YPD media using Qiagen genomic tips. 
Undigested DNA was loaded on 0.8% agarose gels and 
run in Ix TAE buffer for 17 h at 65 V without EtBr. 
Southern blots with rDNA probe 1 and quantitation 
were performed as for 2D-gels. The prominent signal cor- 
responding to the bulk of rDNA was used for normaliza- 
tion across genotypes. 

Quantitation of DSBs and statistical methods 

Quantitation of ID- and 2D-gels was performed as 
described (14). See Supplementary Materials for RI defin- 
ition and further details. Statistical analysis was per- 
formed with the Prism software. When not else 
mentioned, unpaired 2-tailed T-tests were performed for 
comparisons. For Figure 4 A and C paired 2-tailed T-tests 



were performed. For Figure 5C, one-sample 2-tailed T- 
tests against a theoretical mean were applied for mutants 
versus wild-type comparisons. 

RESULTS 

Fobl-dependent Toplccs are enriched at the rRFB 

Based on the observation that Topi controls the appear- 
ance of DNA nicks near the rRFB (19), we investigated 
more specifically the interaction between Topi and the 
rRFB in budding yeast. We first compared Topi and 
Fobl occupancies along the rDNA unit by ChIP following 
crosshnking in asynchronous cultures. As observed previ- 
ously (17,38), Fobl was highly enriched at the rRFB with 
a mild secondary peak in the 35S promoter region (Figure 
lA). By contrast. Topi enrichment spread all over the 
rDNA unit showing only a shght increase at the rRFB 
(Figure lA). In a fobl A background. Topi association 
with the rDNA was generally reduced, most strongly 
(~3-fold) at the rRFB (Figure lA). Thus, cross-hnked 
Chip supported an association of Topi with the rDNA 
but did not reveal any preferential sites of enrichment. 

We then used ChIP under non-crosshnking conditions 
to localize specifically Toplccs, i.e. Topi molecules that 
are actively engaged in DNA nicking and covalently 
bound to the 3'-end of the DNA via their Tyr727 
residue (Figure IB) (33). With this method, we detected 
a strong enrichment of Toplcc at the rRFB relative to 
sites in the 35 S (Figure IC and D) and a mild enrichment 
in the 35 S promoter region, similar to crosshnked Fobl 
Chip (Figure ID). In the absence of Fobl, Toplcc asso- 
ciation with the rRFB was completely lost, whereas the 
small enrichment in the 35S promoter region remained 
unaffected (Figure ID). From these results, we conclude 
that Toplcc formation occurs with different specificity 
and kinetics along the rDNA unit with the rRFB being 
a hotspot. Importantly, the different enrichment patterns 
of Toplcc (without crosslinking) and Topi (with 
crosshnking) suggest that Topi associates with chromatin 
throughout the rDNA but is preferentially engaged in 
nicking at the rRFB. This may reflect an increased enzym- 
atic turnover and/or a stabilization of the Toplcc inter- 
mediate specifically at the rRFB. 

Toplcc is detected at ectopic rRFBs outside the rDNA 
context 

To gain further insight into the nature and context-de- 
pendency of Toplcc at the rRFB, we established a 
novel, strategically designed ectopic rRFB (eRFB) 
model. We introduced a 450-bp sequence containing the 
rRFB region near an early firing origin of replication 
(ARS453) on Chr IV (Figure 2A). As this region lacks 
detectable replication-origin firing within 50 kb on the 
distal side of the resulting eRFB (eRFBl) (39), Fobl 
binding to eRFBl should pause RFs originating from 
ARS453 before they encounter a converging fork. The 
introduced eRFB sequence was indeed sufficient to 
recruit Fobl (Supplementary Figure SI) and assemble a 
functional RF-pausing site (Figure 2B), as observed pre- 
viously at a different locus (3). To distinguish Fobl- 
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Figure 1. Toplccs accumulate at the rRFB. (A) Mapping of Topi in the rDNA by standard ChlP. Exponentially growing cells were crosslinked with 
formaldehyde before ChlP. Shown is the mean enrichment (N = 3). The position of qPCR primer sets is indicated on one rDNA unit, together with 
those used in (C) and (D) with the unidirectional rRFB blocking RFs as depicted. 35S and 55, rRNA transcription units. (B) Schematic represen- 
tation of myc-tagged Toplcc. While nicking one strand, Tyr727 engages transiently but covalently with the 3'-phosphodiester at the nick. (C) Toplcc 
is enriched at the rRFB. Toplcc ChlP was conducted from non-crosslinked exponentially growing cells of yeast strains as in (A). The mean (N = 4) 
with SEM is shown. Primer-sets location, see (A). (D) Mapping of Toplcc along the rDNA unit by non-crosslinked ChlP as in (C). The mean 
(N = 4) is shown. qPCR primer set positions are indicated. Strains as in (A). 



mediated from stalling-triggered effects, we introduced a 
second eRFB (eRFB2) 6-kb apart from the first, in eitlier 
tlie same (direct repeat) or the opposite (indirect repeat) 
orientation relative to eRFBl (Figure 2A). The eRFB2 in 
the same orientation as eRFBl will pause progression of 
forks emanating from ARS453 (and leaking from eRFBl), 
whereas the eRFR2 in the opposite orientation will be 
permissive and, thus, not accumulate pausing forks. 
Although Fobl was enriched at the eRFB2 in either orien- 
tation (Supplementary Figure SI), paused RFs only 
accumulated in the direct-repeat configuration 
(Figure 2C), confirming that no or only very few RFs 
were approaching from the ARS453-distal side (39). The 
eRFB2 constructs thus allow the assessment of RF 
stalling-independent functions of Fobl. 

To confirm that the eRFB is outside of the rDNA 
context and not anchored to the nuclear membrane 
despite the insertion of rDNA sequence — this was not ad- 
dressed for previously published eRFB strains (3) — we 
assessed the position of the eRFB in the nucleus by fluor- 
escence microscopy. We inserted ~250 lacO repeats near 
the eRFBl, allowing for the measurement of its relative 
distance to the nucleolar periphery upon ectopic expres- 
sion of YFP-LacI, visuahzing the location of the lacO 
array and of CFP-Nopl fusions marking the nucleolus 
(Figure 2A). In the wild-type, but also in fobll^ and 
topi A. backgrounds, the eRFBl sub-nuclear localization 
was clearly extranucleolar, irrespective of the cell-cycle 
stage and deletion of eRFBl confirmed that its ectopic 
insertion did not alter the authentic locahsation of this 
Chr IV locus relative to the nucleolus (Figure 2D). In 
contrast, a wild-type strain carrying a TetO array in the 
rDNA and an integrated Tetl-mRFPl, highlighting an 
internal rDNA locus (40) produced fluorescence signals 



clearly located in the nucleolus. We then assessed the 
position of the eRFBl locus relative to the nuclear per- 
iphery as visuahzed by a GFP-Nup49 fusion marking the 
nuclear periphery. The eRFBl locus was not associated 
with the periphery irrespective of the presence or absence 
of the barrier (Figure 2E), indicating that eRFBl is not 
sufficient to mediate perinuclear anchoring. These results 
show that the eRFB insertion preserves the authentic 
location of the locus with respect to the nucleolus and 
the nuclear periphery making it a suitable inodel to 
analyze rRFB functions outside the complex organisation 
of the rDNA. Using this eRFB system, we detected Fobl- 
dependent peaks of Toplcc enrichment at the eRFBl and 
eRFB2 (Figure 3B and C), similar to the situation at the 
rRFB in the rDNA (Figure ID). Given the spatial separ- 
ation of the eRFB from the nucleolus, these results suggest 
that Toplcc at the rRFB in wild-type cells is formed in- 
dependently of the rDNA context and that the 450-bp 
rRFB sequence is sufficient to trigger Toplcc formation 
outside the rDNA. 

Toplcc associates strand-speciflcally with the eRFB 
independently of RF-stalling 

Investigating the hnk between RF-pausing and Toplcc 
fonnation at the rRFB, we found the levels of Toplcc 
enrichment at the rRFB to be similar in Gl- and S- 
phase of the cell cycle (Figure 3B). This was true both at 
ectopic and ribosomal sites, establishing that Toplcc for- 
mation at the rRFB is not restricted to S-phase. To 
exclude that RF pausing induces nicks that persist 
throughout the ceU cycle, we mapped Toplcc along the 
eRFBl/eRFB2 locus in the direct- and indirect-repeat 
configuration (Figure 3C). Toplcc was strongly enriched 
at both cRFBs, independent of their orientation, 
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Figure 2. A 450-bp rRFB sequence is sufficient to trigger a Toplcc signal outside the rDNA. (A) The eRFB model on Chr IV. One rDNA unit is 
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indicating that Toplcc accumulates at the eRFB2 even in 
the absence of RF-pausing at this site. In Hne with this, 
deletion of TOP], encoding a factor required for RF 
stalHng at an RFB (Figure 3D) (3), did not significantly 
affect Toplcc enrichment at eRFBI and eRFB2 (Figure 
3E). Further, to exclude genomic context effects, we also 
inverted the eRFBI and analyzed resulting strains now 
carrying two non-blocking eRFBs (Figure 3D and E). 
Topi was indeed associated with the non-blocking 
eRFBI, corroborating that Toplcc at the eRFB forms 
independently of RF stalhng. Since Toplcc accumulation 
requires Fobl but not RF pausing (Figures ID and 3C), 
these findings strongly suggest that Fobl recruits and/or 



stabilizes Toplcc at the eRFB independently of DNA rep- 
lication. Importantly, Toplcc enrichment was asymmetric 
with respect to the 450-bp eRFB insertion. While Toplcc 
was enriched next to the side that is capable of RF stalhng, 
it was absent from the opposite side of the insertion 
(Figure 3C and E; compare primer sets 2/3 for eRFBI 
and 5/6 for eRFB2). This is best explained by a preferen- 
tial breakage of Topi nicked sites during DNA sonication 
and a subsequent enrichment of DNA fragments with the 
3'-attached Toplcc by Topl-ChlP. However, the data do 
not exclude the possibihty that the asymmetry of Toplcc 
enrichment over the 450-bp eRFB sequence (Figure 3F) is 
caused by the unequal distance of the PGR probes to the 
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area where Topi nicks are located. We addressed this 
by qPCR of Toplcc ChIP experiments using pairs of 
primer-sets equidistant to the Topi nicks (Figure 3F). 
The detection of a strong Toplcc signal on the blocking 
side and no signal on the non-blocking side in each of the 
eRFBI orientation, allowed us to exclude this hypothesis 
(Figure 3G). This given, the asymmetric enrichment is 
strongly indicative for Topi being positioned to the 
rRFB to specifically incise the DNA strand corresponding 
to the parental lagging strand ahead of a potential rRFB- 
paused RF, consistent with results from the mapping of 
Topi controlled nicks (19,41). 

Topi accumulation at the rRFB reflects stabilization of a 
transient cleavage complex 

The enrichment of Top Ices at both ribosomal and ectopic 
RFBs might reflect an accumulation of irreversibly bound 
Toplccs. Processing of irreversible Toplccs involves both 



proteolytic degradation of Topi and cleavage of the DNA 
3'-end that is covalently attached to Tyr727. The enzyme 
dedicated to Toplcc processing is Tdpl, but other factors 
provide complementary activities and can even substitute 
for Tdpl, most prominently the Radl and Mus81 nucle- 
ases (42,43). Given the poor growth and pleiotropic 
phenotype of the triple tdpl A radl A musSlA mutant, 
we resorted to monitor the potential accumulation of ir- 
reversible Toplcc in tdplA radlA and tdplA musSlA 
double mutants, where defects in Toplcc repair are detect- 
able (43). We generated these strains, confirmed their sen- 
sitivity to CPT (Supplementary Figure S2) and assessed 
Toplcc enrichment at eRFBI by non-crosslinked ChIP 
(Figure 4A). We found no significant change in Toplcc 
levels in these double mutant strains compared to the wild 
type. To rule out that Toplcc enrichment at the eRFB is 
saturated in the wild type, we added CPT to permeabilized 
cells prior to ChIP; permeabihzation allowing for a rapid 
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and efficient CPT uptake. Under these conditions, Toplcc 
levels were clearly increased (Supplementary Figure S3), 
suggesting that potential effects of Toplcc repair defects 
at the eRFB could be detected. The unchanged level of 
Toplcc in tdplA radlA and tdplA mmSlA strains thus 
indicates that Top Ices formed at the eRFB are not subject 
to repair but remain reversible with the nicked configur- 
ation stabilized but prone for re-ligation. We therefore 
conclude that stabilized Top Ices at the rRFB are physio- 
logical intermediates. 

Tof2 mediates Toplcc accumulation at eRFBs and 
stabilizes Fobl 

The Fobl dependency of Toplcc formation at the rRFB 
raises the possibility that Fobl positioning also requires 
Topi, and that the two proteins engage in a Toplcc- 
stabilizing functional interaction. To assess the existence 
of such a complex, we performed Fobl ChIP from TOPI 
wild-type and deleted strains. Because of the repetitive 
structure and the nuclear context of the endogenous 
rRFB, we focused on the eRFB. Fobl enrichment at the 
eRFB was indeed reduced in topi A cells as compared to 
wild-type cells (Figure 4B and Supplementary Figure S4), 
suggesting that Topi stabilizes the Fobl -eRFB interaction 
and, consequently, that the two proteins are part of a 
functional complex. Fobl seems to be the central organ- 
izer of this complex as it is a prerequisite for Toplcc as- 
sociation with the eRFB but remains detectable in the 
absence of Topi. Searching for additional components 
of the complex, we considered Tof2. Tof2 physically inter- 
acts with both Fobl and Topi (17,44) and is therefore 
implicated as a mediator of an rRFB-associated function 
of Topi. We assessed the influence of T0F2 deletion on 
Toplcc and Fobl association with the eRFBs. Fobl en- 
richment at eRFB 1 and eRFB2 in tof2A cells was reduced 
to less than half of that in wild-type cells, whereas Toplcc 
enrichment was almost completely lost (~5% of the wild- 
type level. Figure 3E). Thus both Fobl and Toplcc en- 
richment at the eRFBs is modulated by Tof2, suggesting 
that the three proteins are part of an rRFB binding 
protein complex that mediates targeted and strand- 
specific Topi activity. 

DSBs detected at ectopic and endogenous rRFBs depend 
on Topi activity 

RFs paused at the rRFB have been proposed to break 
under physiological conditions (9,11-13), based on the de- 
tection of DNA-replication associated DSB signals in ID 
and 2D-gel experiments. As these apparent DSBs did not 
appear to be substrate for the canonical DSB-repair 
systems (14), we wondered whether they might originate 
from Topi -induced nicks at the rRFB (Figure 5A), as the 
DNA duplex between the nick and the arrested RF might 
melt during DNA isolation (orange fragment on 
Figure 5A). We performed 2D-gels using DNA isolated 
from asynchronous cell cultures (Figure 5B), quantified 
the DSB signal and normalized it to replication intermedi- 
ates (RIs) (14). In topi A cells, the level of broken RFs at 
the rRFB decreased to 35% of that in wild-type cells 
{P = 0.032; Figure 5C). We also detected a DSB signal 
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at the eRFBl in wild-type cells (Figure 3A and 
Supplementary Figure S5A); as in the rDNA, the DSB 
signal was absent in fobl A cells (Supplementary Figure 
S5A) and reduced in topi A cells (Supplementary Figure 
S5B). Thus, most of the DNA breaks at these RFBs arise 
in a Topi -dependent manner. To further differentiate 
between an enzymatic and a structural contribution of 
Topi, we tested the effect of CPT treatment on the DSB 
signal. As CPT stabilizes Toplcc, it should increase the 
steady-state level of Topi -dependent nicks at the rRFB 
(19). We exposed permeabilized spheroplasts to CPT 
prior to ID-gel analysis (Supplementary Figure S6). 
Whereas the level of broken RFs at the rRFB increased 
1.8-fold upon CPT treatment in wild-type cells, it 
remained unaltered in topi A cells, showing that Top Ices 
and, thus, the catalytic activity of Top 1 are responsible for 
the appearance of the DSB signal at the rRFB. 

DSBs induced at the rRFB upon SGSl disruption occur 
independently of Topi 

In the absence of the RecQ helicase Sgsl, the level of 
broken RFs at the rRFB increases on ID- and 2D-gels 
(12,14). We reasoned that, in contrast to the breaks in 
wild-type cells, these additional breaks result from insuf- 
ficient stabilization of the rRFB-paused RF and, thus, 
may be of a different molecular nature. As Toplcc ac- 
counted for most of the DSB signal on 2D-gels in wild- 
type cells (Figure 5C), we asked whether the additional 
breaks observed in sgsl A cells are also Topi -dependent. 
We measured DSBs at the endogenous rRFB that exhibits 
a better dynamic range for DSB quantitation than the 
eRFB. Disruption of SGSl led to a moderate but signifi- 
cant increase of DNA breaks at the rRFB both in the 
wild-type (1.3-fold) and topi A (2.3-fold) backgrounds 
(Figure 5C). Thus, Topi -independent breaks accumulate 
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in the absence of Sgsl; probably reflecting collapsed RFs 
that are prone to recombination. 

Reduced rDNA stability in the absence of Topi 

We showed that Topi nicks are stabilized at the rRFB, 
providing a mechanism for the continuous release of tor- 
sional stress. Assuming that stabilized nicks prevent un- 
scheduled and possibly recombinogenic breaks, rDNA 
recombination should increase upon TOPI deletion. 
Increased rDNA recombination in topi A cells is sup- 
ported by the reduced and variable rDNA copy 
number (Figure 5D) as well as an increased failure of 
Chr XII of exponentially growing cells to enter the gel 
(45) in pulse-field gel electrophoresis (PFGE). rDNA re- 
combination also gives rise to elevated excision of extra- 
chromosomal ribosomal circles (ERCs). Indeed, ERC 
levels are increased in topi A cells (Figure 5E) (27), sug- 
gesting that Topi -dependent nicks contribute to the pres- 
ervation of DNA integrity. Similar to topi A cells, sgsl A 
cells possess an unstable rDNA copy number 



(Figure 5D) (46) and an increased level of ERCs 
(Figure 5E) (47). Normalized Toplcc levels at the 
rRFB, however, remain essentially unaltered upon 
SGSl disruption (Supplementary Figure S7), whether at 
the eRFBl or the authentic rRFB in the rDNA, suggest- 
ing that Toplccs at the rRFB do not contribute to the 
rDNA instability of sgsl A ceUs. PFGE of DNA from 
topi A sgsl A ceUs did not reveal any further instability 
than that seen in either single mutant (Figure 5D). Thus, 
both Topi and Sgsl function in rDNA homeostasis. 
While positioned DNA incision by Topi at the rRFB 
promotes rDNA stabihty, DSBs generated in sgsl A 
cells cause instabihty. 



DISCUSSION 

Topi releases DNA torsional stress generated by DNA 
replication, transcription or repair by nicking and re- 
ligating DNA single strands. This involves the formation 
of Toplccs, transient covalent intermediates linking Topi 
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with the DNA. We show that Top Ices are strongly 
enriched at the yeast rRFB, a site where DNA nicks 
were previously correlated with Topi activity, in the 
absence of topoisomerase poisons, suggesting that persist- 
ent Topi -mediated strand cleavage is targeted to the 
rRFB under physiological conditions. Whereas ChIP 
without prior chemical crosslinking yielded a strong 
peak of Toplcc enrichment at the rRFB, crosslinking 
resulted in only httle specific Topi enrichment at this 
site (Figure 1). Thus, although Topi associates with the 
rDNA repeat along its entire length, the steady-state level 
of cleavage complexes is specifically increased at the 
rRFB. Given that these Toplccs are not subject to topo- 
isomerase repair by the canonical pathways (Figure 4A) 
and that the loss of Topi destabilizes the rDNA structure 
(Figure 5D and E), the data suggest that Topi is targeted 
to the rRFB where it accumulates in reversible cleavage 
complexes in a physiological process of rDNA mainten- 
ance. Although we cannot strictly rule out the possibihty 
that the enrichment of Toplcc at the RFB reflects an 
increased turn-over of Topi cleavage cycles, the data 
favour a model in which the normally transient Toplcc 
intermediates are stabilized at the RFB. Both scenarios 
support that Toplccs, and hence the DNA nicks, are 
subject to physiological regulation in the context of 
genome maintenance. 

The stabilization of Toplcc would implicate some form 
of regulation of the re-hgation step of the of Topi 
reaction. This may provide a mechanism for controlled 
release of the DNA torsional stress building up in the 
rDNA due to transcription and replication activities and 
aggravated by the mobihty constraints imposed by the 
perinuclear anchoring of the rDNA repeats (15-17). The 
purpose of such strategic positioning of persistent but re- 
versible Topi nicks at the RFB would thus be to continu- 
ously normalize DNA topology and, thereby, increase the 
stabihty of this special genomic region. Consistently, re- 
combination in the rDNA increased upon TOPI deletion, 
as we observe an unstable and decreased rDNA length 
associated with increased formation of ERCs, an rDNA 
recombination product (Figure 5D and E) (25). This 
phenotype caused by the absence of Topi could be well 
explained by a build-up of torsional stress in the rDNA, 
which is then compensated for by the random induction of 
unscheduled DNA breaks, by Top2 or Top3 for example. 
Such unscheduled breaks could occasionally trigger re- 
combination and finally the formation of ERCs. 

Topi does not only prevent unscheduled recombination 
in the rDNA, it also stabilizes the Fobl complex as 
implicated by a reduced Fobl ChIP signal upon TOPI 
deletion (Figure 4B). Gains or losses in rDNA copy 
number are quickly normalized by unequal sister-chroma- 
tid exchange in wild type but not in fobl A. yeast cells, in 
which also ERC formation is abolished (48,49). While 
TOPI deletion results in an unstable rDNA repeat 
number, FOBl deletion completely abolishes copy 
number changes (10). The different effects of TOPI and 
FOBl deletion on rDNA recombination are consistent 
with Fobl being the main regulator of the rRFB 
complex. In the absence of Fobl, neither RF stalling 
nor perinuclear anchoring will occur. In this situation, 



less torsional stress is created, lowering the need for 
Topi -dependent release of DNA torsion. Thus, both 
Topi and Fobl are important for rDNA stability, but 
they impact at different levels of a common underlying 
pathway. 

Using ectopically integrated rRFBs (eRFBl and 
eRFB2), we show that Toplcc accumulation at the 
rRFB requires neither the authentic nucleolar rDNA 
context nor the perinuclear anchoring. Thus, the 450-bp 
rRFB-containing sequence carries sufficient information 
to mediate Toplcc accumulation. The eRFBs on Chr IV 
reside in a genomic context with low transcriptional 
activity as opposed to the situation on the rRFB. The 
presence of Topi nicks at eRFBl thus suggests that 
Toplcc enrichment is independent of the proximity to 
the highly transcribed 35S. Moreover, the comparable en- 
richment of Toplcc at eRFBl and eRFB2 as well as in 
strains with inverted orientations of the eRFBs indicates 
that Toplcc levels are not influenced by the local tran- 
scriptional activity (Figure 3). This is in accordance with 
previous work showing that the occurrence of CPT-indu- 
cible nicks at the rRFB is not affected by altering the 
transcription efficiency of RNA Poll (19). 

Remarkably, we show that the formation of Toplccs at 
the rRFB is restricted to the DNA strand defined as the 
one that wifl form the lagging strand template of a poten- 
tial RF blocked at the rRFB consistent with a previously 
reported strand-preference of Topi -dependent nicks at the 
rRFB (19,13). Inversion of the eRFBl and eRFB2 se- 
quences resulted in an inversion of the Toplcc asymmetry 
pattern. Together with the S-phase independence of 
Toplcc formation, this strongly suggests that the eRFB 
sequence itself directly controls the positioning of the 
Toplcc (Figure 3C and 3G). The binding of Fobl and 
associated proteins to the rRFB may induce a DNA con- 
formation or topology, exposing preferential Topi 
cleavage sites (50,51) to Topi. 

Despite the Tof2-dependence of Toplccs at the eRFBs 
(Figure 3E), we show that the perinuclear anchoring of the 
rDNA is not maintained at the eRFBs (Figure 2E). Thus, 
although the rRFB-associated Topi nicking activity seems 
to have evolved as a provisional mechanism to normalize 
topological stress in the rDNA, the nicking itself does not 
appear to be triggered by rDNA-specific topological con- 
ditions, but is mediated directly by the assembly of a Fobl 
dependent functional protein complex at the rRFB. As we 
show here, the formation of the Toplcc at the rRFB 
requires at least the presence of Fobl and Tof2. In fine 
with this. Topi and Tof2 were co-purified with Tap- 
tagged Fobl (17) and physical interactions have been 
reported between Topi and Tof2 (44). The co-existence 
of Topi, Tof2 and Fobl in a complex suggests that 
these proteins collectively coordinate rDNA transcription, 
replication and recombination (52) to maintain rDNA 
stability. 

Finally, we show that DNA breaks at the rRFB that 
were observed on 2D gels (7,11-13) relate to Toplccs 
rather than DSBs. The strict S-phase dependency of the 
DSBs on agarose gels (13) but not of the Topi -depend- 
ent nicks (Figure 3B) (19) strongly suggest that these 
apparent DSBs arise during DNA isolation as a 
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consequence of the experimental melting of the parental 
duplex DNA between the branch point of a stalled RF 
and the nearby Topi nick ahead of the RF. The nick 
mapped closest to the major RF-pausing site (RFBl) 
resides only 14 nt ahead of the expected RF 
(Figure 5A) (13,41), thus generating a relatively 
unstable duplex region that is likely to melt to generate 
a DSB fragment even under the mild conditions of DNA 
isolation used in our and previous experiments (Figure 
5 A, orange fragment). In contrast, the additional breaks 
observed in sgslA cells — in which RFs pausing at the 
rRFB are likely to be destabilized and to break more 
easily — probably reflect canonical DSBs (Figure 5C) 
(12,14). Importantly, fission yeast rqlil"'^''' cells, but not 
wild-type cells, display similar breaks at an ectopic RFB 
on ID-gels (53). 

Having shown that Topi is stabilized at the rRFB, we 
propose a model for how strand-specific DNA nicking by 
Topi is achieved. Recruitment to the rRFB complex by 
interactions with Fobl and TofZ (17,44) cannot fully 
explain the DNA strand and site-specific cleavage. 
Instead, the DNA structure imposed by wrapping 
around Fobl (7), together with a preferential nicking- 
site sequence and the non-palindromic nature of the 
Fobl -binding site, might specify the position of Topi 
cleavage — bent DNA was indeed shown to be a good sub- 
strate for Topoisomerase 1 in vitro (54). FoUowing strand 
incision, Toplcc is stabilized by an rRFB-specific DNA 
conformation that delays the resealing of the nick (28), 
contrasting the normally short-lived Top Ices 
(Figure 5F). This could be achieved by temporarily 
displacing the unbound 5'-DNA end from the Topi cata- 
lytic site or from a direct stabilization of the cleavage 
complex by Fobl, Tof2 or other proteins present at the 
rRFB (17,44). Importantly, Toplcc stabilization does not 
require the presence of a pausing RF, but replication 
through the rRFB will require Toplcc removal to 
prevent the formation of a DSB. Our data suggest that 
this removal does not involve excision of Topi, but 
instead resealing of the nick by Topi itself We propose 
that the abihty of Toplcc to complete the reaction and 
hgate the nick is finally achieved by the disassembly of 
the proteinaceous complex at the rRFB allowing the 
passage of the RF. Relieving the torsional stress at the 
rRFB is especially required assuming rRFB anchoring to 
the nuclear membrane (Figure 5G). In conclusion, our 
data not only provide insight into the mechanism of 
Topi function in preserving rDNA integrity, but also 
they might present a general concept for how topoisom- 
erases help at RF impediments. 
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